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  1.     Introduction 

 Synergy between nanoparticles and chromophores has become 
a feasible way to control and modify optical effects. [ 1–15 ]  
The strategies used have been either to bond or adsorb the 
chromophore directly to the nanoparticle for intramolecular-
nanoparticle cooperation or in a nonbonding fashion for 
intermolecular-nanoparticle cooperation. Gold nanoparticles 

 Long Distance Enhancement of Nonlinear Optical Properties 
Using Low Concentration of Plasmonic Nanostructures in 
Dye Doped Monolithic Sol–Gel Materials 
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    Douglas    Krein     ,        Thomas    Cooper     ,        Cesar    Lopes     ,        Ali A. G.    El-Amay     ,        Mikael    Lindgren     ,    
   and        Stephane    Parola   *   

 Monolithic sol–gel silica composites incorporating platinum-based chromo-
phores and various types of gold nanoparticles (AuNPs) are prepared and 
polished to high optical quality. Their photophysical properties are inves-
tigated. The glass materials show well-defi ned localized surface plasmon 
resonance (SPR) absorbance from the visible to NIR. No redshifts of the 
AuNP plasmon absorption peaks due to the increase in nanoparticle doping 
concentration are observed in the glasses, proving that no or very small SPR 
coupling effects occur between the AuNPs. At 600 nm excitation, but not 
at 532 nm, the AuNPs improve the nonlinear absorption performance of 
glasses codoped with 50 × 10 −3   M  of a Pt-acetylide chromophore. The glasses 
doped with lower concentrations of AuNPs (2–5 µm average distance) and 
50 × 10 −3   M  in chromophore, show a marked improvement in nonlinear 
absorption, with no or only small improvement for the more highly AuNP 
doped glasses. This study shows the importance of excitation wavelength 
and nanoparticle concentration for composite systems employing AuNPs to 
improve two-photon absorption of chromophores. 
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(AuNPs) have attracted much attention 
for optical enhancement applications as 
AuNPs can be prepared in various shapes, 
are chemically stable, and the surface 
plasmon resonance (SPR) can be con-
trolled. [ 2,5,9,12,16–20 ]  The observed optical 
effects have their origin in the electric 
fi eld intensity enhancement created by the 
SPR absorption. [ 1,4,21,22 ]  In close contact 
the coupling between the nanoparticle and 
the chromophore gives rise to a plasmon 
shift. This plasmon shift disappears at 
longer separations between the nanopar-
ticle and the chromophore. [ 15 ]  Whether 
in close contact or at a distance, nanopar-
ticles have proven to be able to improve 
the effi ciency in applications such as solar 
cells, [ 23–27 ]  photorefractivity, [ 28 ]  upcon-
version, [ 29 ]  Freedericksz transition, [ 30 ]  
spin crossover, [ 31 ]  nonlinear absorption 
(NLA), [ 32–36 ]  and surface-enhanced Raman 
Scattering. [ 9 ]  

 In this paper we report the synergetic effect between a plat-
inum acetylide-based chromophore and AuNPs for nonlinear 
optical applications. The organometallic platinum acetylides are 
known to show broadband nonlinear optical absorption, with 
a wavelength dependence of the nonlinear optical mechanism; 
singlet ground state one-photon absorption with fast inter-
system crossing (ISC) to the triplet state dominates <500 nm, 
direct ground state singlet to triplet absorption in the range 
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≈500–570 nm, [ 37–39 ]  and two-photon absorption (2PA) with fast 
ISC to the triplet state in the range ≈540–700 nm. [ 40,41 ]  Earlier 
reports, on liquid mixtures and thin fi lms, suggested that the 
interaction between an organic chromophore and AuNPs leads 
to an enhancement of two- and three-photon absorption. [ 11,13,42 ]  
In such chromophore–nanoparticle systems, it is now well 
established that the control of the chromophore-to-nanoparticle 
distance and orientation of the chromophore’s dipole at the sur-
face of the nanoparticles is crucial to achieve the proper cou-
pling between the plasmon resonance and the chromophore 
(in particular the relaxation properties of the photoactivated 
excited state) but this remains diffi cult to control. The chromo-
phores need to be located in a suitable distance ranging from 
about 10 to 20 nm to achieve optimum emission enhancement 
according to theoretical predictions. [ 43,44 ]  At shorter distances 
the emission appears to be systematically quenched due to 
energy transfer to the nanoparticle metal surface. At longer dis-
tances, no effect is commonly detected. The chromophore–nan-
oparticle interdistance control has been successfully achieved 
through different strategies applied on the nanoparticles; e.g., 
by the use of polyelectrolyte or polymer spacers, core-shell 
structures, or multilayer thin fi lms. The possibility to observe 
strong enhancement of excited state populations and its 
kinetics in high-spin organometallic systems with AuNPs still 
remains an important challenge. In this work, the nonlinear 
absorption is enhanced for a Pt-acetylide chromophore known 
to have triplet states sensitive to the presence of oxygen. [ 45,46 ]  

 The preparation of monolithic bulk composite hybrid optical 
materials, with codispersion of both chromophores and plas-
monic nanostructures in a homogeneous way, has not yet been 
reported. We propose a sol–gel approach to prepare such optical 
composites. The idea is to use the SPR effect to induce local 
fi eld enhancement as well as interplay with excited states of the 
codoped chromophores in a monolithic composite. Different 
sizes and geometrical shapes, spherical and bipyramidal, and 
concentrations of the nanoparticles, were used in order to inves-
tigate the effect on the Pt-acetylide chromophore. Bipyramidal 
nanoparticles were chosen due to their versatility regarding dif-
ferent SPR wavelengths and the high fi eld intensities near their 
tips. [ 20 ]  Incorporation of effi cient nonlinear dyes into a solid 
matrix at high concentration is a real challenge. This has been 
achieved through the sol–gel process, which allows preparation 
of high-optical quality xerogels [ 37,47–50 ]  with controlled structure 
and effi cient dispersion of thermosensitive chromophores in 
high concentrations. [ 37,49,50 ]  Similarly, it was possible to incor-
porate metal nanoparticles in monolithic sol–gel matrices for 
nonlinear optical purposes. [ 51 ]  We report here the use of SPR 
materials to enhance the nonlinear optical properties, and in 
particular the multiphoton absorption processes by codoping 
sol–gel matrices with a Pt-acetylide chromophore and AuNPs. 
The chromophore used allows for highly doped sol–gel glasses 
easily polished to an excellent optical quality. [ 37 ]  Moreover, the 
NLA investigations illustrate the signifi cant contribution of 
the SPR on the two-photon absorption effi ciency, even at low 
concentrations of the nanoparticles. To our knowledge, this is 
the fi rst reported enhancement of nonlinear absorption of a 
chromophore in a bulk material by fi eld enhancement of its 
two-photon absorption by nanoparticles. This opens up the pos-
sibility to enhance the performance of a wide class of nonlinear 

photonic devices employing two photon absorption. Our fi nd-
ings also illustrate the importance of nanoparticle concentra-
tion for optimum performance. This is of interest for a wide 
range of applications where nanoparticles are used to enhance 
nonlinear absorption by fi eld enhancement.  

  2.     Results and Discussion 

 Materials with high concentration of platinum chromophores 
were previously reported showing the important potential of 
the sol–gel method to prepare effi cient NLA materials. [ 37,50 ]  
Moreover, we were able to prepare gold nanoparticle doped 
sol–gel monolithic composites, which showed interesting self-
orientation structures in the case of anisotropic particles. Those 
monolithic glasses had, though, limited nonlinear scattering 
effi ciency at 600 nm. [ 51 ]  

  2.1.     Synthesis and Structural Characterization of the Materials 

 Two types of gold spheres (diameters of 23 and 45 nm with 
absorption maximum at 523 and 532 nm, respectively) and 
three types of anisotropic bipyramidal AuNPs were prepared 
exhibiting longitudinal plasmon resonance (LSPR) at 640, 
700, and 770 nm, respectively (transmission electron micros-
copy (TEM)) images of the bipyramids are shown in  Figure    1  ). 
Their detailed size parameters and compositions are given in 
 Table    1  . The chemical structure of the functional silicone used 
for their surface modifi cation is shown in  Figure    2  . The mon-
olithic materials were prepared using an adapted procedure 
from previously reported approach, allowing high concentra-
tion of the chromophores. [ 37,50–52 ]  The structure of the model 
platinum-based chromophore  (1)  is shown in  Figure    3  . The 
materials presented here were prepared using the fast conden-
sation sol–gel process and codoping with both chromophores 
and nanoparticles. The method, thus, allowed easy simul-
taneous codispersion of metal nanoparticles by adding the 
appropriate amount of silicone functionalized gold nanoparti-
cles dispersed in tetrahydrofuran (THF) just before addition of 
the amine condensation catalyst aminopropyltetraethoxysilane 
(APTES). [ 37,49–51 ]  The process gave glasses with high concentra-
tion (50 × 10 −3   M ) of the platinum chromophore and nanopar-
ticles (three different concentrations for each nanoparticle with 
different LSPR) ( Figure    4  ). The fi nal solid materials were dried 
prior to optical polishing and measurements ( Figure    5  ). They 
showed good dispersion of the dopants, high homogeneity, and 
optical quality.        

  2.2.     Optical Characterizations 

  2.2.1.     Spectroscopic Investigation of Dye and NPs in THF 

 In order to obtain the basic photophysical behavior of the system 
of the platinum chromophore  (1)  together with AuNPs, the 
properties were fi rst examined in THF solutions. The absorp-
tion spectra of a series of samples are shown in  Figure    6   ,  left. 
Spherical AuNPs with a diameter of 45 nm were used, giving 
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rise to a plasmon absorption band around 550 nm. The absorp-
tion peak around 360 nm is from the well-known linear 
absorption band of  (1) . The AuNP solutions have in addition a 
characteristic background due to Rayleigh scattering becoming 
stronger at shorter wavelengths. Three of the mixtures had 
identical concentration of  (1)  with the AuNP content varied. A 
fourth solution with only AuNP was made for reference. Excited 
state absorption (ESA) measurements were carried out using a 
355 nm 5 ns long pulse as excitation and a white µs fl ash lamp 
was used to record the spectrum in a procedure reported previ-
ously. [ 38 ]  The samples have been carefully fl ushed with argon 
gas to remove oxygen in order to avoid quenching of the triplet 
state. [ 38,45 ]  The resulting ESA spectra are shown in Figure  6 , 
right. As expected, for the sample containing only  (1)  in THF, 
the broad triplet-state absorption covers the whole visible range 
and peaks at ≈600 nm. [ 38 ]  Interestingly the AuNPs solely dis-
persed in THF also exhibit a notable ESA response, basically as 
a broad almost constant background slightly sloping up toward 
the blue end of the spectrum. Thus, the dispersed AuNPs in 

THF show a decrease in transmission upon excitation at 355 
nm compared to the nonexcited sample. For mixtures of AuNP 
and chromophore  (1)  there was a marked increase in overall 
ESA ( S1  and  S2  in Figure  6 , right). THF containing only AuNPs 
shows an enhanced ESA (AuNPs in Figure  6 , right). Also, when 
compensating by removing the contribution from the disper-
sion of only AuNP, there is an enhanced ESA from the triplet 
state of  (1) . More details are revealed from the kinetics meas-
urements (below).  

 The stability of the solutions were checked by remeasuring 
the optical absorption, shown as dashed lines in Figure  6 , left. 
A clear blueshift of the plasmon resonance band is present, 
indicating that the AuNPs have been modifi ed by the harsh 
treatment in the pump-and-probe measurements. The reported 
results must in such cases be treated with caution. The spectra 
shown in Figure  6 , right are all from the very “fi rst single shot”. 

 In order to examine further properties of the triplet state, 
luminescence measurements were carried out. As is well 
known, removing oxygen from the solvent stabilizes the 
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 Figure 1.    TEM images of the respective nanoparticles: gold bipyramids longitudinal surface plasmon resonance (LSPR) at 640, 700, and 770 nm (from 
left to right).

  Table 1.    Different sample compositions for both spheres and bipyramids and the mean interparticle distances calculated in the monolithic materials 
(see Supporting Information for details).  

AuNP type Mean dimensions [nm] [Au 0 ] [× 10 −3   M ] [AuNP] [× 10 −9   M] Mean interparticle distance [µm]

Nanospheres 23 nm diameter 0.13 0.06 3.0

  0.25 0.13 2.3

  0.5 0.25 1.9

  1 0.5 1.5

 45 nm diameter 0.06 0.013 5.0

  0.13 0.026 4.0

  0.25 0.052 3.2

  0.5 0.1 2.6

Nanobipyramids 36 nm length 0.06 0.29 1.8

LSP@640 nm 16 nm diameter 0.13 0.58 1.4

 6 nm tip diameter 0.25 1.15 1.1

Nanobipyramids 50 nm length 0.06 0.12 2.4

LSP@700 nm 21 nm diameter 0.13 0.24 1.9

 8 nm tip diameter 0.25 0.48 1.5

Nanobipyramids 78 nm length 0.06 0.048 3.3

LSP@770 nm 28 nm diameter 0.13 0.097 2.6

 8 nm tip diameter 0.25 0.19 2.1
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triplet states and thereby allowing for direct measurement of 
the chromophore’s phosphorescence spectrum with emission 
maximum around 525 nm and its decay time. [ 37–39,45,46 ]  A new 
series of samples with constant concentration of  (1)  and varying 
amounts of AuNP were prepared. (Their corresponding optical 
absorption and emission spectra upon excitation at 360 nm, 
are shown in the Supporting Information). As can be seen 
(Figure S8, right, Supporting Information) there was a drastic 
change in the emitted phosphorescence depending on the 
AuNP concentration. Since the plasmon band partially overlaps 
with the Pt-acetylide phosphorescence emission, decay-time 
measurements were carried out to assess the quenching by 
the AuNPs ( Figure    7  , left). The phosphorescence decay time of 
≈50 µs for  (1)  in THF, concentration corresponding to OD 0.2, 
is drastically shortened to ≈30 µs by the addition of AuNPs to 
a concentration corresponding to OD 0.2 (sample  M3 , Figure 
S8, left, Supporting Information). Similar decay times were 
obtained when using the very same samples as used in the 
time-decay measurement of the phosphorescence (Figure  7 , 
left) in the ESA set-up for kinetic studies. By monitoring the 
ESA at 600 nm (corresponding to the maximum triplet–triplet 
absorption of  (1) ) and collecting the transient optical absorption 
as an average of 5 excitation laser pulses, the decays as shown 
in Figure  7 , right were obtained.  

 Just as in the case of the transient absorption spectra col-
lected at 0 s time-delay, there is a marked increase of the triplet 
absorption in samples containing the AuNPs, however, only 
for concentrations corresponding to approximately OD 0.2. For 
higher concentrations of AuNPs the positive effect deteriorates 
(the recorded signal gets too noisy to allow analyses due to 
severe scattering). 

 Conclusively, the addition of small amounts of AuNPs to a 
moderately low concentration of  (1)  (more than approximately 
OD 0.2) gives a marked increase in ESA and quenching of 
phosphorescence with increased concentration of AuNPs. This 
is possible by enhancement of the singlet state formation, 
leading to increased triplet states formed by ISC for molecules 
of  (1)  in the vicinity of the AuNP. There is, however, a com-
peting effect in terms of quenching of the triplet state by the 
plasmon resonance. Moreover, as the AuNPs concentration is 

further increased, the ESA deteriorates and a marked decrease 
in phosphorescence decay time occurs.  

  2.2.2.     Optical Characterization of Glasses 

 As in the case of pure AuNPs doped methyl triethoxysilane 
(MTEOS) glasses reported previously, [ 51 ]  the UV–vis trans-
mission spectra of the AuNPs and chromophore  (1)  codoped 
MTEOS glasses showed well-defi ned plasmon absorption peaks, 
indicating a narrow size distribution of the AuNPs (representa-
tive spectra are shown in  Figure    8   and  Figure    9  , complemen-
tary spectra are shown in Figure S5, Supporting Information). 
The lack off (or marginal) redshifts with increasing AuNPs 
concentration indicate that, as with the AuNPs doped MTEOS 
glasses without chromophores, [ 51 ]  the LSPR coupling effects 
from almost aggregated particles is negligible (see also 
Figure S5, Supporting Information). [ 53,54 ]  Though, a blueshift 
of the plasmon wavelength compared to the nanoparticles in 
solution was found, similar to the glasses doped only with 
AuNPs. [ 51 ]  The blueshift may be explainded by the change in 
the properties of the surrounding medium.   

 Nonlinear absorption measurements were performed at 
532 and 600 nm. The measurements at 600 nm showed an 
improved performance for the samples doped with the lower 
concentrations of AuNPs. The improvements in nonlinear 
absorption with bipyramidal gold nanoparticles with a main 
LSP@640 nm are shown in  Figure    10  . (for the other shapes of 
AuNPs see the Supporting Information).  

 In order to investigate the relationship between AuNPs 
concentration and the nonlinear absorption performance, 
the mean output energy above input fl uences of 10 J cm −2  
was normalized to the linear transmission at 600 nm. A plot 
of the normalized output energy against the concentration 
of AuNPs showed an improved NLA performance for lower 
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 Figure 3.    Structure of the platinum chromophore  (1) .

 Figure 4.    Materials prepared with 50 × 10 −3   M  chromophore ( 1 ) and gold 
nanoparticles with increasing concentration from bottom to top.

 Figure 2.    Structure of the functional silicone.
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concentration of AuNPs ( Figure    11  ). In other words, a large 
mean AuNP interparticle distance of several micrometers was 
found to be optimum for nonlinear absorption performance 
within the sample series. The pattern shown in Figure  11  is 
consistent for both spherical and bipyramidal AuNPs. Since 
similar platinum acetylide-based chromophores show 2PA 
in the range ≈540–700 nm, [ 40,41 ]  the expected AuNPs 2PA 
enhancement [ 11,13,42 ]  can explain the observed NLA improve-
ment at this wavelength. Although, the pattern of improved 
NLA performance for lower concentrations of AuNPs was 
unexpected. Especially considering the low or nonexisting non-
linear absorption at 600 nm for MTEOS glasses doped solely 
with AuNPs. [ 51 ]  Furthermore, the very low concentration of 
AuNPs required for nonlinear absorption enhancement is dif-
fi cult to explain since there is a lack of strong LSPR shifts with 
different concentrations of AuNPs. To justify the suggested 
conclusion, a numerical population dynamics model was estab-
lished. Hereby, the basic behavior can be explained in a quali-
tative manner as a balance between two-photon absorption 

enhancement and linear absorption before the focus point, 
details are outlined in section  2.2.3 .  

 The nonlinear absorption performance at 532 nm with bip-
yramidal gold nanoparticles with LSP@640 nm is shown in 
 Figure    12   (for other shapes of AuNPs see the Supporting Infor-
mation). A similar pattern, as for 600 nm (Figure  11 ), was not 
found for the 532 nm measurements ( Figure    13  ). In the case 
of the 532 nm excitation wavelength measurements, a cutoff 
level was not observed. As a substitute, the mean output pulse 
energy of every input pulse with greater fl uence than 150 J cm −2  
was used. After normalization with the linear absorption at 
532 nm, the lack of pattern in Figure  13  shows that the apparent 
improvement of nonlinear absorption from higher concentra-
tions of AuNPs at 532 nm is predominantly from an increase 
in linear absorption. The lack of nonlinear absorption improve-
ment for the 532 nm excitation would be expected since 532 nm 
is outside the 2PA band of similar Pt-chromophores. [ 40,41 ]    

 Compared to the nonlinear absorption at 532 nm for 
MTEOS glasses doped with only AuNPs, [ 51 ]  the AuNP/chromo-
phore  (1)  codoped MTEOS glasses show a lower nonlinear 
absorption performance. Considering that chromophore  (1)  
glasses containing low concentrations of AuNPs show com-
parable performance to the MTEOS glasses doped solely with 
chromophore  (1) , one can conclude that chromophore  (1)  
affects the nonlinear scattering of AuNPs in MTEOS glass 
reported earlier. [ 51 ]  

 Luminescence spectra were taken with the solid glasses 
in refl ection mode. The emission is dominated by fl uores-
cence around 410 nm and the characteristic phosphorescence 
peak at 525 nm, well known for related systems (representa-
tive spectra are shown in Figure S7, Supporting Information). 
Lifetime measurements verifi ed that the emission at 525 nm 
originated from phosphorescence with a decay time of ≈1 µs. 
Thus, the phosphorescence is seriously quenched by oxygen 
in glass pores as discussed previously. [ 37 ]  Within experimental 
errors, there was no systematic difference in the emission 
spectra (Figure S7, Supporting Information) and phosphores-
cence decay times of the tested samples. Therefore, the mecha-
nism behind the quenching of chromophore  (1)  by AuNPs in 
THF solution is not causing the lack of nonlinear absorption 
improvement for high concentration of AuNPs in glass.  
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 Figure 5.    Monoliths after optical polishing. The material with the highest 
concentration of AuBP (LSP@640 nm) is missing in the picture.

 Figure 6.    Left: Absorbance of samples for ESA series. (1) denotes solvent with compound  (1)  only.  S1  and  S2  had progressively increased AuNP con-
centration as indicated from the absorption spetra. AuNP denotes solvent with AuNP only (45 nm). Dashed lines are for measurements made after 
ESA measurements (see comment in text). Right: ESA of the solutes in left panel recorded at 0 s time-delay. The negative spike at 355 nm is residual 
from the pump-source.
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  2.2.3.     Population Model of the AuNPs/Chromophore  (1)  
Composite 

 The nonlinear absorption enhancement and its dependence on 
AuNP concentration can be qualitatively explained by numeri-
cally modeling the population levels of chromophore  (1)  at 
a focal point. A similar method was used by Fischer et al. [ 55 ]  
to investigate the dynamics of populated levels from fi eld 
enhancement of a light scattering AuNP. Herein, the method 
was applied to a two-photon process acting on a less complex 
population model at a single physical point in the sample. Also, 
no changes in transition probabilities were included in this 
model. 

 In the direction of maximum enhancement, the linear 
fi eld enhancement factor (ratio of fi eld intensities), η, can be 
expressed as 

 
1 2

2

3

3
1 m

1 m

2
a

r
η ε ε

ε ε
= + −

+    

 where a  is the nanoparticle radius, 1ε  the dielectric constants 
of the spherical gold nanoparticle, mε  the dielectric constant 
of the surrounding medium and r  the chromophore distance 
from the particle center. [ 56 ]  The effective two-photon absorption 
coeffi cient can then be expressed as 

 
2

0β η β=      

 where 0β  is the standard two-photon absorption coeffi cient 
defi ned by 
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 Figure 8.    Transmission spectra for AuNP-chromophore  (1)  
nanocomposites. The concentration of Au(0) in the glasses shown 
in these plots is 0.25 × 10 −3   M . The upper plot shows 50 × 10 −3   M  of 
chromophore  (1)  doped MTEOS glass without gold nanoparticles 
(dotted line), spherical gold nanoparticles with a diameter of 23 nm 
(solid line) and 45 nm (dashed line). The lower plot shows 50 × 10 −3   M  
of chromophore  (1)  doped glasses with bipyramidal gold nanoparticles 
with a LSP@640 nm (dotted line), a LSP@700 nm (solid line), and a 
LSP@770 nm (dashed line).

 Figure 9.    Transmission spectra for AuNP-chromophore  (1)  nanocompos-
ites. The upper plot shows glasses doped with 23 nm spheres (dotted 
0.06 × 10 −9   M , solid 0.13 × 10 −9   M,  dashed 0.25 × 10 −9   M,  and dashed-
dotted 0.5 × 10 −9   M)  and 50 × 10 −3   M  of chromophore  (1) . The lower plot 
shows glasses doped with chromophore  (1)  and bipyramidal AuNP with 
a LSP@640 nm (dotted 0.29 × 10 −9   M,  solid 0.58 × 10 −9   M,  and dashed 
1.15 × 10 −9   M). 

 Figure 7.    Left: Phosphorescence emission decays for excitation at 360 nm. Emission was monitored at 525 nm. Slits 2 nm (excitation) and 8 nm 
(emission). The concentration of  (1)  was chosen to give a peak absorbance of 0.2.  M1  additionally had 4 × 10 −12   M  of 45 nm diameter spherical AuNPs, 
 M2  12 × 10 −12   M,  and  M3  23 × 10 −12   M  (see Figure S8 in the Supporting Information for linear absorption spectra). The dashed lines are fi ts with decay 
times.  (1)  51.2 +/−0.12 µs;  M1 : 47.1 +/−0.11 µs;  M2 : 38.0 +/−0.15 µs;  M3 : 30.8 +/−0.79 µs. Right: Kinetic decay of ESA at 600 nm for samples  (1), M1, 
M2 , and  M3  as in left panel and Figure S8 (Supporting Information). Each transient is an average of 5 pulses.
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 Due to the square dependence of the fi eld enhance-
ment factor, one obtains relevant enhancement at larger dis-
tances than expected for the linear case. The two-photon fi eld 
enhancement is signifi cant and exceeds the expected 5–10 nm 
range of quenching dominance. [ 43,44 ]  ( Figure    14  ) The absorp-
tion of the surrounding medium was assumed to be low, giving 

mε = 1.43 2  from the measured refractive index of the glass only 
doped with chromophore  (1) . The dielectric constant of gold at 
600 nm was set to 8.44 1.411 iε = − − . [ 57,58 ]  At r  = 100 nm, the 
45 nm diameter spheres still show a relevant fi eld enhance-
ment of 22%.  

 The population dynamics of chromophores similar to  (1)  
has previously been modeled by a fi ve level system; [ 59 ]  the sin-
glet levels of S 0 , S 1 , and S N  and the triplet levels T 1  and T N . In 
this model, the relaxation times of S N  and T N  are assumed to 
be fast enough for the impacts of these levels to be negligible. 
The linear cross-section of S 0  to S 1  is set to 0.2  M  −1  cm −1  while 
the linear cross-section of T 1  to T N  is set to 42000  M  −1  cm −1  in 
accordance with spectral measurements on similar chromo-
phores. [ 60 ]  The two-photon coeffi cient between S 0  and S 1 , 0β , is 
set to 290 GM. [ 41 ]  The relaxation time of the triplet state is set to 
42 µs, [ 60 ]  while the singlet–triplet transfer time is set to 300 ps. [ 41 ]  

 By numerically investigating the population dynamics 
during a 10 J cm −2 , 5 ns laser pulse for different two photon 
fi eld enhancements, 2η , it is possible to calculate the absorp-
tion ( , )2 tα η  at time t. The absorption improvement factor com-
pared to the unenhanced case can be expressed as 
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 Figure 10.    Nonlinear absorption curves at 600 nm for MTEOS glass 
doped with 50 × 10 −3   M  of chromophore  (1)  and bipyramidal gold nano-
particles with a LSP@640 nm. The improvement in the nonlinear absorp-
tion was largest for the glasses with the lowest concentration of gold 
nanoparticles.

 Figure 11.    Comparison of the nonlinear absorption clamping level at 
600 nm normalized to linear transmission versus concentration of gold 
nanoparticles. A pattern is found showing decreasing nonlinear absorp-
tion with increasing concentrations of gold nanoparticles.

 Figure 12.    Nonlinear absorption curves at 532 nm for MTEOS glasses 
doped with 50 × 10 −3   M  of chromophore  (1)  and bipyramidal gold nano-
particles with an LSP@640 nm.

 Figure 13.    Comparison of the nonlinear absorption clamping level at 
532 nm normalized to linear transmission versus concentration of gold 
nanoparticles.
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  Figure    15   shows that even long range fairly moderate two-
photon fi eld enhancements ( 2η ) enhance the absorption. 
Additionally, closer to the nanoparticles the larger effective 
two-photon coeffi cient, β , helps populate the S 1  and in turn 
T 1  state faster during the leading edge of the pulse. The non-
linear absorption enhancement from AuNP is, thus, the result 
of the nanoparticles acting as antennas funneling the fi eld 
into more high intensity regions and thereby facilitating two-
photon absorption. Modeling the effect of oxygen quenching by 
lowering the relaxation time of the triplet state to 1 µs does not 
impact the result noticeably. The lack of enhancement for the 
higher concentrations of AuNPs could be explained by linear 

absorption prior to the focal point which interferes with the 
nonlinear two-photon absorption. The transmittance of the 
AuNPs prior to the focal point (the center of the glass) can be 
estimated as 

 
AuNP

0

T
T

T
=

   

 where T  is the transmittance of the glass and 0T  is the trans-
mittance of a reference glass. The effective two-photon absorp-
tion coeffi cient then becomes 

 
2

AuNP
2

0Tβ η β=       

 By choosing 0T  to be the transmittance of the glass with the 
lowest AuNP concentration for each shape of AuNPs, AuNPT  can 
be estimated for each glass. For the highest AuNP concentra-
tion in each series, AuNP

2T  varied between 0.97 and 0.76. Con-
sidering the low volume concentration of the AuNPs, these 
smaller values of AuNP

2T  might ultimately have a higher impact 
on  β  than the larger values of 2η  closer to the AuNPs. 

 To calculate any quantitative predictions, the model has to 
be extended from a single point population model to a spatial 
model, allowing the dynamics of the populated states along the 
beam path. The detailed effects of 2η  relative to the position 
of nearby AuNPs would also have to be modeled with a more 
sophisticated model.    

  3.     Conclusion 

 Monolithic materials containing dispersions of a chromophore 
and gold nanoparticles, both spheres and bipyramids, were pre-
pared and fully characterized. They showed high homogeneity 
and excellent optical and mechanical qualities. Investigations of 
nonlinear optical properties showed that nonlinear absorption 
could be enhanced, but only at unexpected low concentrations 
of the AuNPs. The highest effi ciencies, affecting the whole 
bulk material, were obtained for mean interparticle distances 
of 2–5 microns. A qualitative model showed that the nonlinear 
absorption enhancement resulted from local fi eld enhancement 
of the two-photon absorption populating the S 1  and in turn T 1  
state of chromophore  (1) , although the local fi eld enhancement 
appears to be offset by linear absorption before the focus for 
higher concentrations of AuNPs. The importance of excitation 
wavelength and AuNP concentration is also relevant for other 
applications where AuNPs are used. (e.g., sensors, photocatal-
ysis, photovoltaics).  

  4.     Experimental Section 
 Diethoxydimethylsilane (97%), (3-mercaptopropyl)-methyl-dimetho-
xysilane (95%), MTEOS (98%), (3-glycidoxypropyl)-methyl-dimetho-
xysilane (98%), and APTES (97%) were purchased from ABCR. HCl 
(37%), triethylamine (97%), ethanol (99.8%), THF (99%), diethyl ether, 
citric acid (99%), cetyltrimethylammonium chloride (CTAC) 25% in 
water, 8-hydroxyquinoline (HQL, 99%), NaBH 4  (99.999%), and NaOH 
(98%) were purchased from Sigma-Aldrich and used as received. 
HAuCl 4 , 3H 2 O (99.9%), and silver nitrate were purchased from Alfa 
Aesar. 
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 Figure 14.    Estimated two-photon fi eld enhancement factor at 600 nm 
excitation wavelength. The vertical lines represent the nanoparticle sur-
face. The solid colored areas indicate distances where quenching between 
AuNP and chromophore is weak enough to be irrelevant.

 Figure 15.    Improvement of absorption factor during a 5 ns laser pulse 
(dashed line) for different two-photon fi eld enhancement factors ( 2η ) cor-
responding to relevant fi eld enhancements derived from Figure  14 .
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  Synthesis of the Gold Nanoparticles : The Au nanospheres were 
prepared according to previously reported procedure using the seed 
mediated growth method. [ 51 ]  

  Seeds Synthesis : The seeds were synthesized by quick injection of 
400 µL of a NaBH 4  50 × 10 −3   M /NaOH 50 × 10 −3   M  mixture in a mixture 
of 32 mL CTAC (66 × 10 −3   M ), 320 µL of HAuCl 4  (25 × 10 −3   M  in water), 
and 296 µL of HNO 3  (0.25  M),  under stirring. After 1 min, the solution 
was heated at 80 °C for 50 min without stirring. 

  Growth Solution : A mixture of 600 µL of CTAC and 200 µL of HAuCl 4  
(25 × 10 −3   M)  into 19.4 mL of Milli-Q purifi ed water was prepared. The 
solution was stirred for 15 min at 60 °C and 150 µL of HQL (0.4  M  in 
THF) was added. 

  Spheres Growth : Finally, spherical gold nanoparticles were synthesized 
by adding the appropriate amount of seeds to the growth solution in 
order to obtain the desired size. 

  Synthesis of the Bipyramids : Detailed descriptions of the preparation 
using seed mediated process and purifi cation of the Au bipyramids have 
been fully described previously. [ 7,17,20,51 ]  

  Seeds Synthesis : 100 µL of a cold and fresh NaBH 4  solution (50 × 10 −3   M  
NaBH 4  and 50 × 10 −3   M  NaOH) was added to a solution of 4 mL HAuCl 4  
(0.5 × 10 −3   M ), 4 mL CTAC (95 × 10 −3   M ), and 72 µL HNO 3  (250 × 10 −3  M ) 
at 20 °C, under stirring. 16 µL of citric acid (1  M)  were added and the vials 
were closed. The vials were heated at 80–85 °C for 60 min in a water bath. 

  Growth of Gold Bipyramids : The growth solution was prepared 
by mixing 40 µL of HAuCl 4  (25 × 10 −3   M  per water) and 4 mL 
cetyltrimethylammonium bromide (CTAB) (47 × 10 −3   M  per water). 18 µL 
of silver nitrate solution in water (10 × 10 −3   M)  were added, followed 
by 40 µL of 8-hydroxyquinoline in ethanol (0.4  M).  Respectively 300, 
150, and 40 µL of the prepared gold seeds solutions were added into 
the growth solution under stirring for the synthesis of the bipyramids 
with LSPR at 640, 700, and 770 nm. The suspensions were stirred for 
few seconds and left at 40–45 °C for 15 min. 25 µL of 8-hydroxyquinoline 
in ethanol (HQL 0.4  M)  were added to the mixture and left for 15 min at 
40–45 °C. The suspensions were purifi ed by centrifugation and several 
washing using 0.1% CTAC solution at pH = 3 (1 × 10 −3   M  HNO 3 ). 

  Surface Functionalization of the Au Nanoparticles Using Specifi c Silicone : 
The synthesis of the functional silicone was previously reported as well 
as the surface modifi cation of the gold nanoparticles. [ 51 ]  Typically, 100 µL 
of the functional silicone diluted in ethanol (1%) were added to 4 mL of 
suspension of gold nanoparticles (0.25 × 10 −3   M  in [Au 0 ] for bipyramids; 
0.5 × 10 −3   M  for spheres). The mixture was sonicated for 5 min and kept 
at 45 °C for 72 h. The suspension was cooled down to room temperature 
(RT) and 4 mL of THF was added under stirring. Addition of 0.8 mL 
of diethyl ether and stirring for 1 min induced a phase separation. The 
aqueous phase was removed and THF added to the organic phase to 
obtain a fi nal suspension volume of 4 mL. 

  Preparation of the Monolithic Hybrid Silica Materials : The monolithic 
materials were prepared using an adapted procedure from previously 
reported method. [ 37,51 ]  

 In a typical procedure, the chromophore (15.3 µmoles) was dissolved 
in 100 µL of THF in a perfl uoroalkoxy (PFA) mold. 1 g of the silica-based 
sol at 30% dry residues was added. The mixture was stirred and fi ltered 
using PTFE fi lters (porosity 0.45 µm). The desired amount of AuNP 
suspension in THF was added (calculated taking in consideration the 
fi nal volume of the monolith after sintering). 45 µL of APTES were added 
and the mold was closed with stopper and left at 45 °C for 10 min. The 
mold was partially opened and the obtained gel was left 24 h for drying. 
The obtained materials were fi nally treated at 80 °C overnight. 

  Polishing of the Materials : The glasses were cut with a Buehler 
Isomet 1000 precision saw. They were then polished to a thickness of 
1 ± 0.05 mm with a Struers polishing equipment. See the Supporting 
Information for pictures of the unpolished glasses. 

  Optical Characterization of the Materials : Refractive indices were 
measured using a SOPRA spectroscopic ellipsometer operating in the 
visible wavelengths. 

 UV–vis transmittance spectra were recorded either with a CARY 5G 
UV–vis–NIR spectrophotometer or a Perkin-Elmer UV–vis–NIR Lambda 
750 spectrometer. 

 The nonlinear absorption measurements at 532 and 600 nm 
were made with the same method and on the same occasion as for 
the MTEOS glasses doped solely with AuNPs. [ 51 ]  The glass samples 
were measured with varying input fl uences at 532 and 600 nm with 5 ns 
pulse length. The 20 mm diameter top-hat beam was focused through 
the glass sample with a 100 mm focal length lens. The glass sample was 
shifted slightly in a direction perpendicular to the beam between each 
manually triggered laser pulse. 

 The area of the beam was estimated with the 10/90 knife edge 
method, assuming a top-hat beam. The beam diameter was measured 
to be 8.25 and 20.5 µm at 532 and 600 nm wavelengths, respectively. 

 The absorption spectroscopy, triplet ESA measurements and 
characterization of luminescence of samples in THF solutions 
were carried out as earlier described. [ 38,45 ]  Here, the samples of the 
chromophore  (1)  with and without 45 nm diameter spherical AuNPs 
in different proportions were carefully bubbled with argon during 
measurements, or before measurements, in properly sealed 1 cm quartz 
cuvettes. The kinetics of the ESA was measured as earlier outlined. [ 38 ]  
However, for the kinetics of the excited triplet state absorption 
measurements, the system have been upgraded with an Applied 
Photophysics 5-stage photomultiplier base and a monochromator, 
along with an Infi niium DSO8064A oscilloscope (MS Windows based) 
and allowed direct recording of the transient using a synchronized 1 ms 
150 W Xenon lamp as light source.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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